Ras association (RalGDS/AF-6) domain family member RASSF5 is a non-enzymatic RAS effector super family protein, known to be involved in cell growth regulation. Expression of RASSF5 is found to be extinguished by promoter hypermethylation in different human cancers, and its ectopic expression suppresses cell proliferation and tumorigenicity. Interestingly, this role in tumorigenesis has been confounded by the fact that regulation at molecular level remains unclear and many transformed cells actually display elevated RASSF5 expression. Here, we demonstrate that E3 ubiquitin ligase Itch is a unique binding partner of RASSF5. Itch can interact with PPxY motif in RASSF5 both in vivo and in vitro through its WW domains. Importantly, the overexpression of Itch induces RASSF5 degradation by poly-ubiquitination via 26S proteasome pathway. In addition, our results indicate that the elevated levels of RASSF5 found in tumor cells due to acetylation, which restricts its binding to Itch and results in a more stable inert protein. Inhibition of RASSF5 acetylation permits its interaction with Itch and provokes proteasomal degradation. These data suggest that apart from promoter methylation, hyperacetylation could also be downregulating RASSF5 function in different human cancer. Finally, results from functional assays suggest that the overexpression of wild type, not the ligase activity defective Itch negatively regulate RASSF5-mediated G1 phase transition of cell cycle as well as apoptosis, suggesting that Itch alone is sufficient to alter RASSF5 function. Collectively, the present investigation identifies a HECT class E3 ubiquitin ligase Itch as a unique negative regulator of RASSF5, and suggests the possibility that acetylation as a potential therapeutic target for human cancer.
R Suryaraja 1 , M Anitha 1 , K Anbarasu 1 , G Kumari 1 and S Mahalingam* ,1 Ras association (RalGDS/AF-6) domain family member RASSF5 is a non-enzymatic RAS effector super family protein, known to be involved in cell growth regulation. Expression of RASSF5 is found to be extinguished by promoter hypermethylation in different human cancers, and its ectopic expression suppresses cell proliferation and tumorigenicity. Interestingly, this role in tumorigenesis has been confounded by the fact that regulation at molecular level remains unclear and many transformed cells actually display elevated RASSF5 expression. Here, we demonstrate that E3 ubiquitin ligase Itch is a unique binding partner of RASSF5. Itch can interact with PPxY motif in RASSF5 both in vivo and in vitro through its WW domains. Importantly, the overexpression of Itch induces RASSF5 degradation by poly-ubiquitination via 26S proteasome pathway. In addition, our results indicate that the elevated levels of RASSF5 found in tumor cells due to acetylation, which restricts its binding to Itch and results in a more stable inert protein. Inhibition of RASSF5 acetylation permits its interaction with Itch and provokes proteasomal degradation. These data suggest that apart from promoter methylation, hyperacetylation could also be downregulating RASSF5 function in different human cancer. Finally, results from functional assays suggest that the overexpression of wild type, not the ligase activity defective Itch negatively regulate RASSF5-mediated G1 phase transition of cell cycle as well as apoptosis, suggesting that Itch alone is sufficient to alter RASSF5 function. Collectively, the present investigation identifies a HECT class E3 ubiquitin ligase Itch as a unique negative regulator of RASSF5, and suggests the possibility that acetylation as a potential therapeutic target for human cancer. Ras association (RalGDS/AF-6) domain family member RASSF5/NORE1 is the founding member of RAS effector super family protein that inhibits tumor growth by promoting G1/S arrest. [1] [2] [3] [4] [5] RASSF5 is a proapoptotic factor of RAS and induces apoptosis via p53. 2 RASSF5 binds with components (mammalian sterile 20-like kinase, MST1/2 and yes associated protein 1, YAP1) of hippo pathway, and regulates cell proliferation and apoptosis. [6] [7] [8] Mice deficient for RASSF5 were resistant to TNF-a-induced apoptosis. 4 Furthermore, targeted ablation of RASSF5 resulted in spontaneous immortalization of mouse embryo fibroblasts (MEFs) and the RASSF5-deficient MEFs were transformed by GTP-bound form of K-Ras. 4 In addition, loss of RASSF5 expression by promoter hypermethylation has been linked to tumor formation. 9, 10 Given its important role in tumor, studies of RASSF5 may provide new insights in our understanding on the mechanism that leads to tumorigenesis.
Although, RASSF5 shares high homology with other RASSF family members, a unique proline-rich (PPxY) motif is present only in RASSF5. 11 WW domains are known to mediate protein-protein interactions through the recognition of PPxY motifs. [12] [13] [14] Components of the hippo pathway like MST1/2, large associated tumor suppressor 1 (LATS1) and YAP1 are shown to modulate cell growth and apoptotic function through PPxY-WW domain interaction. [15] [16] [17] [18] [19] In addition, recent reports suggest that E3 ubiquitin ligase Itch WW domain interacts with p73, p63 and LATS1 through PPxY motifs, and regulates their functions. 16, 20, 21 Protein ubiquitination is a fundamental mechanism for regulating steady state levels and functions of many proteins involved in controlling cell proliferation and apoptosis by targeting them to proteasomal-mediated degradation pathway. [15] [16] [17] [18] [19] [20] [21] These results prompted us to understand whether WW domain containing E3 ligase regulates RASSF5 function.
Recent studies suggest that post-translational modifications regulate the functions of proteins that are involved in cell cycle regulation, differentiation, oxidative stress response and transcription. 3, [22] [23] [24] [25] [26] [27] [28] Interestingly, acetylation of proteins resulted in both the activation and deregulation of protein function. 24, 26, 27, 29, 30 In addition, altered expression of deacetylases resulted in tumorigenesis. 24, 27 Furthermore, acetylation of proteins modulate ubiquitination resulted in the alteration of protein function suggest that deacetylation may promote ubiquitination. 27 Together, these data suggest that acetylation and ubiquitination have a critical role in regulating protein stability and function.
In the present study, we have provided evidence that E3 ubiquitin ligase Itch interacts with RASSF5, and promotes degradation via proteasome pathway. In addition, the acetylated form of RASSF5 fails to interact with Itch in transformed cells. These finding suggests that Itch mediates the degradation of RASSF5 by proteasome-mediated pathway in acetylation-dependent manner.
Results
Ubiquitin ligase Itch interacts with RASSF5. Detailed analysis of the amino acid sequences of RASSF super family proteins (RASSF1 to RASSF10) suggests the presence of PPxY motif only in RASSF5 (Supplementary Figure S1A ). It is well established that PPxY motif is responsible for the interaction with WW domain-containing proteins. [15] [16] [17] [18] [19] Recent reports suggest that WW domain-containing E3 ligase Itch utilizes PPxY motif to target substrates for ubiquitindependent degradation. 16, 20, 21 To confirm whether RASSF5 interacts with Itch, we examined glutathione S-transferase (GST)-Itch WW domains (amino acids 251-529) for their ability to associate with RASSF5-Flag in GST pull-down experiments. Interestingly, RASSF5A-Flag from human embryonic kidney 293T (HEK293T) cell lysates specifically interacts with the GST-Itch WW domain to the same extent as the positive control GST-Importin-b (Figure 1a ). Despite the presence of PPxY motif only in RASSF5, we tested whether Itch interacts with other RASSF members. Results in figure 1b demonstrate that Itch interacts specifically with RASSF5, not with other RASSF family members. These data suggest that Itch is a specific interacting partner for RASSF5.
RASSF5 interacts with Itch both in vitro and in vivo. Comparative sequence analysis of all three alternatively spliced forms of RASSF5 indicates Itch interaction motif, PPxY is present only in RASSF5A and RASSF5B, not in RASSF5C (Supplementary Figure S1B ). Results in Figure 1c indicate that WW domain of Itch interacts with RASSF5A-green fluorescent protein (GFP) and RASSF5B-GFP, but not with RASSF5C-GFP or GFP. GST was used as negative control ( Figure 1c ). These data suggest that PPxY motif in RASSF5 is critical to interact with Itch. To HEK293T cell lysates containing RASSF5A-Flag was incubated with equal amount of either GST or GST-Itch WW domain or GST-Importin-b and the bound proteins were resolved in SDS-12% PAGE followed by western blotting using anti-Flag antibodies. GST-Importin -b was used as positive control. (b) HEK293T cell lysates containing equal amounts of Flag-tagged RAS effectors (classical Ras effectors: RASSF1, RASSF2 and RASSF5; N-terminal Ras association domain containing Ras effectors: RASSF7, RASSF8 and RASSF10) were pull-down with either GST or GST-Itch WW domain followed by western blotting using anti-Flag antibodies. Results indicate that Itch specifically interacts only with RASSF5. (c) HEK293T cell lysates containing equal amounts of alternate spliced forms of GFP-tagged RASSF5 (RASSF5A, RASSF5B and RASSF5C (no PPxY motif)) were incubated with either GST or GST-Itch WW domain, and the bound proteins were resolved in SDS-12%PAGE followed by western blotting using anti-GFP antibodies. (d) RASSF5A-Flag or RASSF5C-Flag was transiently co-transfected with either Itch wt or Itch C830A mutant (ligase activity defective) in HEK293T cells and treated with proteasome inhibitor, MG132. The expression of all the indicated proteins (top) was determined by western blot analysis using anti-Flag or anti-Itch antibodies. Cell lysates containing equal amounts of indicated proteins (top) were used for coimmunoprecipitation with anti-Flag or anti-Itch antibodies followed by western blot analysis using anti-Itch or anti-Flag antibodies as indicated Functional interaction between RASSF5 and Itch R Suryaraja et al verify this interaction in vivo, full-length Itch expression plasmid was co-transfected with RASSF5A-Flag and RASSF5C-Flag expression vectors in HEK293T cells. Interestingly, RASSF5C was efficiently expressed in the presence of Itch, but not RASSF5A ( Figure 1d ). These data lead to the hypothesis that Itch and RASSF5A interaction through PPxY motif resulted in the degradation of RASSF5A. To confirm this possibility, RASSF5A and RASSF5C were coexpressed with the catalytically inactive Itch mutant, Itch C830A , and their expression checked. Figure 1d suggests that the amount of RASSF5A protein was similar to that of RASSF5C in Itch C830A coexpressed cells. These data suggest that the catalytic activity of Itch is required for RASSF5A degradation. We next checked the expression pattern of both RASSF5A and RASSF5C in the presence of proteasome inhibitor, MG132 with or without Itch wt expression. Results in Figure 1d indicate that MG132 rescues RASSF5A expression despite the overexpression of Itch wt , while the level of RASSF5C expression was not altered. Together, these data provided evidence that Itch may mediate the degradation of RASSF5A via poly-ubiquitination/proteasome-mediated pathway. We next performed coimmunoprecipitation experiments from HEK293T cell lysates containing RASSF5A-Flag or RASSF5C-Flag coexpressed with Itch wt or Itch C830A in presence or absence of MG132. Results in Figure 1d indicate that Itch physically interacts with RASSF5A in vivo, and interestingly, interaction of Itch C830A with RASSF5A suggests that the catalytic activity of Itch is not essential for its association. In addition, while a comparable levels of RASSF5A associates with Itch wt or Itch C830A in presence of MG132, no association with RASSF5C detected even in the presence of MG132 ( Figure 1d ). Furthermore, reciprocal coimmunoprecipitation suggests that RASSF5A was detected in Itch immunoprecipitates ( Figure 1d ). The observed faint signal for RASSF5A when coexpressed with Itch wt may be due to Itch-mediated degradation. These data provided evidence that Itch physically interacts with RASSF5A in vivo and mediates RASSF5A degradation.
It is well-known that Itch encodes four WW domains, 17 and we performed series of GST pull-down assays to find out whether any one or all of Itch WW domains are involved in RASSF5A interaction. Towards this end, several GST-Itch WW domain mutants were generated (Supplementary Figure  S2A ) and results in Supplementary Figure S2B indicate that Itch mutants W291, 323A; W291, 403A and W291, 443A failed to interact with RASSF5A. Interestingly, exchange of individual tryptophan residues within WW domains did not alter Itch interaction, but the exchange of W291 in combination with W323 or W403 or W443 completely abrogated Itch interaction with RASSF5A (Supplementary Figure S2B ). These data suggest that Trp 291 has a critical role in Itch interaction with RASSF5. Taken together, our results demonstrate that Itch interacts with RASSF5 both in vitro and in vivo, and this interaction is critical for RASSF5 turn-over in cells.
Itch-dependent degradation of RASSF5. Itch is known to target multiple tumor suppressor proteins for ubiquitination and degradation. 17, 20, 21 We next tested whether RASSF5A is an ubiquitin substrate for Itch. Results in figure 2a indicate that the overexpression of Itch significantly down-modulates Figure 2 RASSF5 is downregulated by Itch. Dose-dependent degradation of RASSF5 by Itch. Different amounts of Itch wt (a) or catalytically inactive (Itch C830A ) mutant (b) expression plasmids were co-transfected with RASSF5A-Flag in HEK293T cells, treated with CHX for 3 h followed by western blot analysis using anti-Flag antibodies. Results indicate the loss of ligase activity impairs its effect on RASSF5 degradation. (c) Itch mediates the RASSF5 degradation by 26S proteasome pathway. HEK293T cells were co-transfected with RASSF5A-Flag and Itch as described in Materials and Methods. Transfected cells were treated with CHX alone or with proteasome inhibitor MG132. (d and e) CHX chase analysis of RASSF5 degradation upon Itch over expression. HEK293T cells expressing either RASSF5A-Flag (d) or RASSF5C-Flag (e) alone or with Itch were treated with CHX to inhibit de novo protein synthesis. Cell lysates were prepared at indicated time periods and determined RASSF5A and RASSF5C levels by western blot analysis using anti-Flag antibodies RASSF5A in a dose-dependent manner. In contrast, coexpression of increasing amounts of Itch C830A has no effect on RASSF5A levels ( Figure 2b ) despite a robust interaction ( Figure 1d ). These data suggest that catalytic activity of Itch is important for RASSF5 degradation. In addition, the downregulation of RASSF5A in the presence of Itch wt was blocked by the treatment of MG132 in a time-dependent manner (Figure 2c ). To further confirm the specificity of RASSF5A downregulation by Itch at protein not at mRNA levels, we determined whether Itch can degrade RASSF5C in cycloheximide (CHX) chase experiment. Interestingly, overexpression of Itch wt but not Itch C830A efficiently promotes RASSF5A degradation with and without CHX treatment (Figure 2d and Supplementary Figure S3A ) in a timedependent manner. In contrast, RASSF5C level remains stable in presence of CHX (Figure 2e ). However, the levels of RASSF5A-GFP mRNA were unchanged with or without CHX treatment upon Itch overexpression (Supplementary Figure S3B ). Furthermore, analysis of RASSF5A-GFP and RASSF5C-GFP immunofluorescence clearly indicates that Itch downmodulates RASSF5A, but not RASSF5C in the absence of MG132 in vivo (Supplementary Figure S4 ). Interestingly, RASSF5A signal was observed in the nucleus when overexpressed with Itch wt in the presence of MG132, and similar signal was observed when RASSF5A-GFP coexpressed with Itch C830A (Supplementary Figure S4) . Collectively, these data strongly suggest that the destabilizing effect of Itch on RASSF5A is specific at the protein level in proteasome-dependent manner.
RASSF5A contains 10 RPYP 14 as well as 21 PPRY 24 motifs in the amino-terminus (Supplementary Figure S1 ), and Itch is known to recognize its substrate via PPxY motif (Supplementary Figure S5A ). RASSF5A Y13A -Flag and RASSF5A Y24A -Flag mutants (Supplementary Figure S5B ) were generated and GST pull-down assays were performed to determine the contribution of tyrosine residues in RASSF5 interaction with Itch. We observed reduced ability of RASS-F5A Y13A to interact with Itch compared with RASSF5A wt ; however, RASSF5A Y24A mutant failed to interact with Itch ( Figure 3a ). These results suggest that the PPxY motif in RASSF5A is essential for its interaction with Itch. To further understand the role of PPxY motif on Itch-mediated downregulation of RASSF5A, the stability of RASSF5A mutants was determined in the presence of Itch. As expected, while the stability of RASSF5A was susceptible, the steady state level of RASSF5A Y24A -Flag was independent of Itch coexpression (Figure 3b ). Interestingly, reduced level of RASSF5A Y13A -Flag mutant protein degradation was noticed in the presence of Itch coexpression compared with RASSF5A wt (Figure 3b ). Collectively, these data provided evidence that PPxY motif mediates the interaction of RASSF5A with Itch and regulate the steady state levels of RASSF5.
Itch degrades RASSF5 via poly-ubiquitination. We next carried out an in vivo ubiquitination assay to determine whether Itch can catalyze ubiquitination of RASSF5A in cells. Results in Figure 3c indicate that high-molecular weight poly-ubiquitinated forms of RASSF5A were observed only when the Itch wt but not the Itch C830A coexpressed with RASSF5A. In contrast, RASSF5C or RASSF5A Y24A are not decorated by poly-ubiquitin chains when both are coexpressed with Itch ( Figure 3c ). These results suggest that interaction as well as catalytic activity of Itch is essential for poly-ubiquitination of RASSF5A. Interestingly, RASSF5 level was stabilized in presence of MG132 suggests that Itch mediates RASSF5 degradation via 26S proteasome pathway ( Figure 1d ). Together, these results provide evidence for the first time that Itch promotes downregulation of RASSF5A by catalyzing its poly-ubiquitination followed by 26S proteasome-mediated proteolysis.
Itch failed to degrade endogenous RASSF5 in cancer cell lines. We next determined the steady state levels of endogenous RASSF5 (eRASSF5) in HEK293T cells. Results in Figure 4a indicate that the stability of eRASSF5 was maintained despite Itch overexpression even after the de novo protein synthesis was inhibited by CHX. Conversely, we observed the destabilization of RASSF5 in human primary peripheral blood mononuclear cell (hPBMCs) treated with CHX (Supplementary Figure S6) . These data suggest that eRASSF5 in HEK293T cells is resistant to Itch-mediated degradation. To further confirm this, RASSF5-GFP was coexpressed with Itch, and determined the stability of both the ectopically expressed as well as the eRASSF5 in the presence of CHX under the same experimental condition. As shown in Figure 4b , Itch is able to degrade the ectopically expressed but not the eRASSF5. Interestingly, RASSF5-GFP degraded within 3 h after CHX treatment without Itch overexpression (Figure 4b ). Taken together, these data suggest the possibility that RASSF5 in cancer cells may undergo some post-translational modification(s) that may inhibit its degradation.
To understand further, we checked whether the eRASSF5 in transformed cell lines interacts with Itch. Towards this end, the levels of eRASSF5 were determined in various transformed cell lines as well as in primary cells. In addition, RASSF5A-GFP and RASSF5C-GFP were expressed in HEK293T cells as positive and negative controls for Itch interaction. Results in Figure 4c indicate that equal levels of eRASSF5 expression in both transformed cells and primary hPBMCs. Surprisingly, eRASSF5 from hPBMC but not from transformed cells interact with Itch under the same experimental conditions (Figure 4c ). Interestingly, Itch interaction with eRASSF5 was observed when it coexpressed with RASSF5A-GFP, (Figure 4c ) suggesting the possibility of homotypic interaction between eRASSF5 and the RASSF5A-GFP. To confirm further, we performed coimmunoprecipitation to determine eRASSF5 interaction with Itch in vivo. RASSF5 and Itch complexes were coimmunoprecipitated with anti-RASSF5 antibody from the lysates of hPBMC and HEK293T cells followed by western blot using anti-Itch antibody. Results in Figure 4d indicate that eRASSF5 from hPBMC but not from HEK293T cells interact with Itch despite equal expression of Itch and RASSF5. Together, these data suggest that RASSF5 in transformed cells may be post-translationally modified or mutation within RASSF5 ORF that may prevent protein-protein interaction. This was intruiging as it may explain the persistence of RASSF5 in tumor where the expression is not silenced by promoter methylation.
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Acetylation regulates the steady state level of RASSF5 in transformed cells. Recent reports suggest that acetylation regulates the stabilization as well as destabilization of proteins in a context-dependent manner. 24, 27 This prompted us to test the status of RASSF5 acetylation in transformed and primary cells. Results in Supplementary Figure S7A indicate that eRASSF5 from HEK293T cells is more acetylated compared with hPBMCs despite equal amount of RASSF5 expression. Surprisingly, no acetylation was observed for the ectopically expressed RASSF5A-GFP (Supplementary Figure S7A) . To confirm the specificity of RASSF5 acetylation, RASSF5 was immuno-depleted with anti-RASSF5 antibodies, and acetylated forms of RASSF5 was determined. Results in Supplementary Figure S7A reveal that acetylated RASSF5 was disappeared from immuno-depleted cell lysates. These results provide evidence that RASSF5 is acetylated both in transformed as well as in primary cells, but level of RASSF5 acetylation is elevated upon transformation. We next determined whether acetylation modulates the stability of RASSF5 in transformed cell lines. As shown in Supplementary Figure S7B , acetylation inhibitors (anacardic acid (AA) and C646) reduced RASSF5 acetylation while, in contrast, increased levels of RASSF5 acetylation was observed in trichostatin A (TSA; inhibitor of deacetylation)treated cells. As same level of inhibition of RASSF5 acetylation was observed by both AA and C646, we used C646 for further experiments. Results in Figure 5a indicate that inhibition of acetylation by C646 significantly promotes the destabilization of eRASSF5 in a time-dependent manner in contrast to DMSO-treated cells. To confirm whether deacetylated form of RASSF5 can interact with Itch, HEK293T cells were transfected with Itch expression plasmids and treated with C646 or TSA. Interestingly, reduced RASSF5 (a) HEK293T cell lysates containing wild type or indicated mutants of RASSF5A-Flag (Y13A and Y24A) were incubated with either GST or GST-Itch WW domain and the bound proteins were resolved in SDS-12%PAGE followed by western blotting using anti-Flag antibodies. (b) Interaction of RASSF5A via PPxY motif with Itch promotes RASSF5 degradation. Wild type and the indicated mutants of RASSF5A-Flag were coexpressed with Itch in HEK293T cells and treated with CHX for different time periods. The expression levels of RASSF5A mutants and Itch were determined by western blot analysis using anti-Flag and anti-Itch antibodies respectively. b-Actin was used as internal control. (c) HA-ubiquitin was transiently coexpressed with indicated combination of wild type or mutants of RASSF5 (RASSF5A wt , RASSF5A Y24A and RASSF5C) and wild type or catalytic activity deficient Itch (Itch C830A ) in HEK293T cells. Expression of all the indicated Itch and RASSF5 variants were determined by western blotting using anti-Itch or anti-Flag antibodies, respectively. Poly-ubiquitinated forms of RASSF5 was detected by immunoprecipitation with anti-Flag antibodies, followed by the detection of ubiquitin using anti-HA antibody Functional interaction between RASSF5 and Itch R Suryaraja et al acetylation promoted interaction with Itch, whereas increased acetylation attenuated its association with Itch ( Figure 5b ). We next determined whether the observed destabilization of nonacetylated RASSF5 is due to poly-ubiquitination. Results in Figure 5c suggest that Itch wt but not Itch C830A , induces polyubiquitination of eRASSF5 in C646-treated cells, suggesting that acetylation negatively modulates RASSF5 interaction with Itch. To understand further, we correlated acetylation status as well as the levels of RASSF5 expression in various human primary as well as cancer cell lines. Higher levels of RASSF5 acetylation were observed in cancer cell lines compared with the indicated primary cells (Figure 5d ) despite comparable levels of RASSF5 and Itch expression. To further confirm the specificity of RASSF5 degradation by Itch, human umbilical vein endothelial cells (HUVEC) were transfected with Itch siRNA, and the levels of both Itch and RASSF5 were determined. Results indicate that the RASSF5 level was stabilized when Itch was downregulated by specific siRNA compared with scrambled siRNA (Figure 5e ). These results suggest that RASSF5 is degraded by Itch-mediated ubiquitination. Collectively, these data provide evidence that acetylation in transformed cell lines stabilizes RASSF5 by preventing its interaction with Itch.
Itch negatively regulates RASSF5 function. To understand the physiological role of RASSF5 downregulation by Itch during cell cycle progression, RASSF5A was coexpressed with either Itch wt or Itch C830A in HEK293T cells. As shown in Figure 6A , transient overexpression of Itch wt but not Itch C830A significantly suppresses RASSF5A-mediated G1 arrest. However, the profile of S and G2/M phases of the cell cycle was not significantly altered when RASSF5A coexpressed with Itch ( Supplementary Figures S8A, B and C). Furthermore, C646-promoted G1 arrest was downregulated by Itch overexpression ( Supplementary  Figures S9A and B) . The patterns of G1 arrest inversely correlated with the acetylation status of RASSF5 (Figure 5a ), suggesting that acetylation modulates RASSF5 function during cell cycle. Interestingly, RASSF5-mediated apoptosis was impaired by Itch wt but not Itch C830A (Figure 6b ). The specificity of regulation was further confirmed by the fact that Itch failed to alter the G1 cell cycle pattern as well as apoptosis when it is overexpressed with RASSF5A Y24A (defective for Itch interaction) (Figures 6a and b) . These data indicate that the association of RASSF5 with Itch, or additional PPxY-dependent protein interaction, may be required to elicit apoptosis (Figure 6b ). This later fact is a likely reason behind the inconsistency between RASSF5A expression in tumor cells and its role as a tumor suppressor, as high levels may indicate enhance protein acetylation and inactivation of the ability to promote apoptosis of tumor cells.
Discussion
Ras effector RASSF5 (NORE1) is found to be downregulated in many tumors, but little is known about the molecular mechanism of its function during cell proliferation. Detailed analysis of RASSF5 amino acid sequences and the data from the in vitro and in vivo protein-protein interaction experiments identified E3 ubiquitin ligase Itch as a unique b d Figure 4 Itch failed to mediate the degradation of eRASSF5 in transformed cells. (a) Itch expression plasmid was transiently transfected in HEK293T cells and treated with CHX for various time periods. eRASSF5 upon Itch overexpression were determined by western blot analysis using anti-RASSF5 antibody. (b) RASSF5A-GFP was expressed alone or together with Itch in HEK293T cells and treated with CHX. At indicated time intervals, the cell lysates were prepared and checked the levels of ectopically expressed RASSF5-GFP and the eRASSF5 by western blotting using anti-GFP and anti-RASSF5 antibodies, respectively. (c) RASSF5 from human primary cells but not from transformed cells interacts with Itch in vitro. Indicated cell lysates (HEK293T, HeLa, A549 and hPBMC) containing equal amounts of RASSF5 (eRASSF5 as well as GFPtagged RASSF5A and RASSF5C) were incubated with either GST or GST-Itch WW domain, and the bound proteins were detected by western blot analysis using anti-RASSF5 (eRASSF5) and anti-GFP (ectopically expressed RASSF5-GFP) antibodies. (d) RASSF5 from human primary cells but not from transformed cells interacts with Itch in vivo. HEK293T and hPBMC lysates containing equal amount of eRASSF5 and Itch were subjected to coimmunoprecipitation with anti-RASSF5 antibody followed by western blotting with anti-Itch antibody Figure 5 Acetylation prevents RASSF5 interaction with Itch in transformed cell lines. (a) Acetylation stabilizes RASSF5 in transformed cell lines. HEK293T cells were transfected with Itch expression plasmids and treated with CHX in the presence or absence of acetylation inhibitor C646. Acetylation status as well as steady state level of RASSF5 were determined by western blot analysis using anti-acetyl-lysine or anti-RASSF5 antibodies, respectively. b-Actin was used as internal control. (b) Acetylation prevents RASSF5 interaction with Itch. Itch was overexpressed in HEK293T cells and treated with inhibitors of acetylation (C646) or deacetylation (TSA). Cell lysates containing equal amounts of eRASSF5 and Itch were subjected to coimmunoprecipitation with anti-RASSF5 antibodies followed by western blot using anti-Itch antibodies. Acetylation status of RASSF5 was determined using anti-acetyl-lysine antibodies. (c) Inhibition of acetylation promotes ubiquitin-mediated degradation of RASSF5. HA-ubiquitin was coexpressed with wild type or ligase activity defective Itch in HEK293T cells and treated with C646. Poly-ubiquitinated eRASSF5 was detected by immunoprecipitation with anti-RASSF5 antibodies, followed by detection of ubiquitin using anti-HA antibody. (d) Expression and acetylation status of RASSF5 in different transformed as well as primary cells. Endogenous level of RASSF5 and Itch expression were determined by western blot analysis using anti-RASSF5 and Itch antibodies, respectively. RASSF5 acetylation was determined using acetylated-lysine antibodies. (e) Downregulation of endogenous Itch stabilize RASSF5. HUVEC cells were transfected with indicated siRNA and cells were collected in different time periods after CHX treatment. The expression levels of RASSF5 and Itch were determined by western blot analysis using anti-RASSF5 and Itch antibodies, respectively Figure 6 Itch negatively regulates RASSF5 function. Wild type not the catalytically defective Itch suppress the RASSF5-mediated G1 phase of the cell cycle arrest (a) and apoptosis (b). HEK293T cells were transiently co-transfected with wild type or indicated mutant of RASSF5 alone or in combination with either Itch wt or Itch C830A , and the cell cycle profile as well as apoptosis were analyzed using Flowcytometry as described in Materials and Methods. All numbers are mean and S.D. of three independent experiments. (**Po0.001) Statistically significant difference Functional interaction between RASSF5 and Itch R Suryaraja et al interacting partner. Results from the present study indicate that Itch promotes the poly-ubiquitination and degradation of RASSF5 by 26S proteasome-mediated pathway. In addition, RASSF5 is acetylated in transformed cells and its interaction with Itch is dependent on the status of acetylation. Furthermore, by destabilizing RASSF5, Itch showed a strong inhibitory effect on RASSF5-mediated G1 phase of cell cycle arrest and apoptosis.
To the best of our knowledge, Itch is the first negative regulator of RASSF5, and the downregulation is dependent upon the status of acetylation in transformed cells. Recent reports demonstrate that Itch downregulates LATS1, an essential component of hippo pathway, have an important role in the regulation of various biological processes such as cancer development, organ size control, differentiation, apoptosis and cell growth. 8, [16] [17] [18] 31, 32 On the other hand, RASSF5 interacts with MST1/2, which are essential for the activation of LATS1/2 in the hippo pathway to regulate the fundamental cellular processes. 22, 25 Together, these data suggest that an interplay between RASSF5, Itch and hippo pathway may be essential to regulate the cell growth and apoptosis. In this investigation, we demonstrated that RASSF5-Itch interaction is mediated by WW domain of Itch with PPxY motif in RASSF5. Itch directly recognizes many of its substrates such as p73, p63, and LATS1 through PPxY motifs. 16, 20, 21 It is possible that Itch may compete with other WW domain containing ubiquitin ligases to regulate RASSF5 half-life. On the other hand, recent study suggests that PPxY motifs interact with the transcriptional activator YAP1 and modulates many cellular processes. 15, 19, 33, 34 Together, these results suggest that the PPxY motif not only interacts with ubiquitin ligase but also with transcriptional regulators. It is possible to hypothesize that RASSF5 may interact with the transcriptional regulators in addition to Itch to modulate downstream signaling pathway to control cell proliferation. It is important to further examine how RASSF5 co-ordinate with ubiquitin ligases and other downstream targets to regulate various signaling pathways.
It is interesting to note that, in addition to the repression of RASSF5 expression by promoter hypermethylation, 9,10 yet another unknown mechanism may downregulates RASSF5 function in cancer cells. Our data suggest that acetylation of RASSF5 prevents its interaction with Itch and resistant to Itchmediated degradation in transformed cells. Recent reports suggest that acetylation increases the stability of transcription factor such as FOXO3 and attenuate the transcriptional activity by impairing its DNA binding ability. 24, 27 In addition, acetyl transferases like p300 was found to be overexpressed in tumors and resulted in poor survival rate of patients with prostate cancer, colon carcinoma, breast cancer and nonsmall cell lung cancers. 35, 36 On the other hand, downregulation of deacetylases like SIRT1 activity resulted in tumorigenesis. 27 Interestingly, inhibition of eRASSF5 acetylation in HEK293T cells by acetyl transferase inhibitor, C646 promotes its binding with Itch, and resulted in RASSF5 degradation. As lysine residues in proteins undergo both acetylation and ubiquitination, 27 the data from the present study speculate the hypothesis that acetylated form of RASSF5 may not be recognized by ubiquitin ligase Itch, which leads to the stabilization of RASSF5 in tumors. Furthermore, the acetylated form of RASSF5 may be a nonfunctional protein in tumor cells, suggesting the possibility that acetylation may have an important role in negative regulation of RASSF5 function during tumorigenesis. This is in agreement with the recent reports that demonstrate that acetylation attenuates the transcriptional activity of FOXO1 and FOXO3. 24, 27 Together, these observations lead to the hypothesis that acetylation may act as both positive and negative regulator of protein function in a context-dependent manner. Therefore, further experiments are needed to examine whether RASSF5 is a transcriptional regulator, and how acetylation regulates its function during tumorigenesis.
In conclusion, the present investigation provides evidence that E3 ubiquitin ligase Itch negatively regulates the Ras effector RASSF5 in acetylation-dependent manner. Further characterization of their functional interaction as well as the role of acetylation on RASSF5 function in clinical cancer patients will provide new insights in diagnostics and treatment of human cancers.
Materials and Methods
Plasmids. Generation of wild type and mutants (Y13A and Y24A) of RASSF5 expression plasmids has been described previously. 3, 11 The plasmid encoding wild type and variants of Itch WW domains were generated by Quick-change sitedirected mutagenesis according to the manufacturer's instruction (Stratagene, La Jolla, CA, USA), and were expressed as GST fusion proteins. Itch (wild type as well as ligase activity defective) expression plasmid was kindly provided by Dr. Pweson 37 and Dr. Melino. 21 The primers used for PCR amplification to create RASSF5 and Itch fusion constructs were listed in Supplementary Table 1 . All mutant constructs were sequenced to verify the integrity of each clone. Cell culture, transfection, coimmunoprecipitation and western blotting. A549, HeLa and HEK293T cells were maintained in Dulbecco's modified Eagle's Medium as described elsewhere. 3, 11 HUVEC were isolated from umbilical cords by digestion with collagenase as described elsewhere. 38 HEK293T cells were transfected with RASSF5 or Itch expression plasmids using Lipofectin (Invitrogen Life Technologies, Grand Island, NY, USA) as described elsewhere. 3, 11 To check the expression of RASSF5 or Itch, transfected cells were lysed in 1X cell lysis buffer (25 mM Tris-HCl, pH7.4, 150 mM KCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% TritonX100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 0.4 mM PMSF, 1 mM Na-fluoride, 1 mM Na-orthovanadate and 1 mg/ml each of aprotinin, leupeptin and pepstatin) after 32-h post-transfection, and separated on a SDS-12%PAGE. For coimmunoprecipitation, equal amounts of cell lysates were incubated with anti-RASSF5 (Abcam, Cambridge, UK) or anti-Itch antibodies (BD Transduction Laboratories, San Jose, CA, USA), and the bound protein complexes were eluted and resolved in SDS-12%PAGE. Separated proteins were transferred to a Hybond-P membrane (GE HealthCare, Stockholm, Sweden) and probed with appropriate antibodies (anti-RASSF5 or anti-Itch or anti-GFP antibodies). Anti-rabbit acetylated-lysine antibody (Cell Signaling, Danvers, USA) was used to determine the acetylation status of RASSF5. Protein bound antibodies were probed with horseradish peroxidase conjugated specific secondary antibodies and developed using the enhanced chemiluminescenceplus detection system (GE HealthCare).
Fluorescence microscopy. HeLa cells grown on chamber culture slides (BD Biosciences, Franklin Lake, NY, USA) were transfected with expression plasmids containing RASSF5-GFP or Itch using Lipofectin as described elsewhere. 3, 11 After 32 h of transfection, cells were fixed with 3% paraformaldehyde for 20 min and incubated with anti-Itch antibodies. Alexa Flour 594 were used Functional interaction between RASSF5 and Itch R Suryaraja et al as secondary antibodies and then mounted in mounting medium (Vector Laboratories, Burlingame, CA, USA) containing 4,6-diamidino-2-phenylindole to stain nuclei. RASSF5-GFP signals were visualized directly. Samples were viewed with LSM710 laser scanning confocal microscopy (Carl Zeiss, Jena, Germany). Image acquisition was carried out using Zen 2009 Image software (Carl Zeiss) and Adobe Photoshop CS3 was used for image processing.
Expression and purification of GST-Itch WW domain fusion proteins. Wild type and different variants of Itch WW domain containing expression vectors were transformed into Escherichia coli BL21DE-3, single colony was grown at 37 1C in kanamycin-containing medium, and the protein expression was induced for 4 h at 37 1C with 1 mM IPTG. Cells were harvested and cell lysates were mixed with Glutathione-Sepharose beads (GE Healthcare). Bound proteins were eluted in elution buffer (10 mM reduced glutathione in 50 mM Tris-Cl, pH7.4) and the integrity of fusion proteins were analyzed by SDS-12%PAGE followed by staining with Coomassie blue.
Half-life determination. HEK293T cells were transfected with RASSF5A, RASSF5C and Itch expression plasmids. Twenty-four hours after transfection cell were treated with 25 mg/ml of CHX for different time periods. Cells were collected at different time periods and equal amount of total cellular protein was loaded on SDS-12%PAGE followed by western blot analysis.
GST pull-down assay. HEK293T cells were transfected with RASSF5A-Flag (wild type or mutants) expression constructs as described above. Cell lysates containing equal amounts of RASSF5 were incubated with glutathione-sepharose beads prebound with Itch WW domain (wild type or mutants). After 4 h, glutathione-sepharose beads containing proteins were washed and the eluted proteins were separated by SDS-12% PAGE followed by western blot analysis using anti-Flag or anti-RASSF5 antibodies.
In vivo ubiquitination assay. HEK293T cells were transiently transfected with plasmid expressing HA-ubiquitin and RASS5A-Flag or RASSF5C-Flag alone or together with Itch (wild type or ligase defective mutant, Itch C830A ). After 24 h of transfection, cells were treated with 20 mM MG132 for 12 h before being harvested. Cell extracts were subjected to immunoprecipitation using anti-Flag antibodies (Sigma) and ubiquitin conjugates were detected by western blot analysis using anti-HA antibodies (Santa Cruz, Santacruz, CA, USA).
RNA interference. HUVEC cells were transiently transfected with control siRNA or Itch siRNA by using Oligofectamine (Invitrogen Life Technologies) according to the manufacturer's instructions. The sequence of Itch specific siRNAs (VBC Biotech, Vienna, Austria) are as follows: Itch-1: 5 0 -GGUGACAAAGAGCC AACAGAGdTdT-3 0 and scrambled siRNA 5 0 -ACAGACUUCGGAGUACCUGdTd T-3 0 . After 36 h of post-transfection, cells were collected and the levels of eRASSF5 and Itch, and the acetylation status of eRASSF5 were determined by western blot analysis using respective antibodies as described above.
Cell cycle and apoptosis assay. HEK293T cells were transfected with RASSF5 alone or in combination with Itch (wild type or ligase activity defective mutant) using lipofectamine. For cell cycle analysis, cells were treated with hypertonic buffer (0.1% sodium citrate, 0.1% NP40, 45 mg/ml propidium iodide, 50 mg/ml ribonuclease A pH 7.4) for 10 min at room temperature after 36 h of posttransfection. For apoptosis assay, cells were collected after 36 h of posttransfection and incubated with buffer containing 5 ml FITC-Annexin V, 5 ml Propidium Iodide (BD Pharmingen, Sandiego, CA, USA), 0.1 M Hepes/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CaCl2 for 15 min at room temperature. All the samples were analyzed by flow cytometry (FACSCanto II, BD Biosciences) and the data were processed using FACS Diva software.
